In this study, a steady state, three-dimensional, multiphase CFD modeling of a pilot-plant counter-current spray drying tower is carried out to study the drying of detergent slurry and to predict spray-dried detergent powder characteristics. The coupling between the two phases is achieved using the Eulerian-Lagrangian approach. The continuous phase turbulence is modeled using the Reynolds stress transport model. The droplet drying kinetics is studied using a semi-empirical droplet/particle drying model. Emphasis is given on the modeling of particle-wall interaction by considering only the rebound effect and specifying the coefficient of restitution as a function of impact angle with wall surface roughness taken into account using a stochastic approach, as well as a function of moisture content. This influences the post-wall collision trajectories of particles, residence time distribution and the overall exchange of heat and mass transfer. The model predictions agree well with the measured outlet values of powder average temperature, moisture content and exhaust air temperature considering the complexity of the process and the measurements accuracy.
Introduction
Spray drying is one of the oldest methods used for the manufacture of particulate products in the food, chemical and pharmaceutical industries, and in the household and personal care products. It involves drying of droplets of a solution or slurry into particles by a hot gas. Thus converting a pumpable feed into dried powder in a single, continuous unit operation. The spray drying process involves multiphase flow with heat, mass and momentum transfer between the three-dimensional, complex, swirling, drying gas flow (continuous phase) and the discrete phase comprising polydispersed droplets/particles. Additionally, there is interaction between the droplets/particles, resulting in coalescence, agglomeration and breakage, as well as droplets/particle and wall interaction resulting in wall deposition, re-entrainment of deposited material, and breakage of particles. The aim of spray drying process is to produce dried powder of required characteristics (size distribution, moisture content, density, flowability etc.). Operating and design parameters can be varied to determine the optimum conditions for the required product attributes. This is carried out mainly by expensive and time consuming experimental investigations [1] [2] [3] . The modeling of spray drying towers can reduce the time and costs associated with the determination of optimized design and operating parameters. The complexity of gas flow patterns and interacting transport processes in spray drying towers poses challenges in the modeling of spray drying towers. The trajectories and hence the residence times of the droplets/particles are dependent on the gas flow patterns, therefore it is important to have a reliable prediction of gas flow profiles.
Computational Fluid Dynamics (CFD) is considered as the preferred choice of modeling spray drying towers. A number of studies have been published in the recent decades utilizing CFD for modeling spray drying towers. Most of these studies are focused on co-current spray drying towers, in which the droplets and drying gas are introduced from the top of the tower and the dried powder and the exhaust gas exit from the bottom of the tower. These towers are suitable for drying of heat sensitive products in food and pharmaceutical industries. Spray drying in countercurrent towers is a poorly understood process as less attention has been given on the experimental study and modeling of these towers [5] . In the counter-current towers, the droplets are introduced from the top while the drying gas enters from the bottom using tangential-entry inlets that impart swirl to the gas flow. These towers are more thermally efficient compared to co-current towers and are used in the manufacture of thermally stable products like detergents and ceramics. The counter-current towers are typically tall-form (height to diameter ratio greater than 3). The droplets/particles in these towers exhibit frequent collision with the wall due to small diameter and the presence of swirling gas flow. In the earlier CFD studies reported on the modeling of counter-current spray drying towers [4, [6] [7] [8] , the modeling of particle-wall interaction was ignored. The particle wall collision can result in wall deposition as well as dispersion of particles in the tower, thus directly influencing the residence times of particles, overall heat and mass transfer and the attributes of spray dried powder. The importance of modeling the particle-wall interaction was highlighted by Ali et al. [9] by allowing the restitution coefficient to vary with the moisture content. This significantly influenced the post-wall collision trajectories of the particles, residence times and the overall heat and mass transfer.
This study is focused on the CFD modeling of a pilot-plant counter-current spray drying tower used for detergent powder manufacture operated at P&G technical centres in Newcastle, UK. The gas (continuous phase) and droplets/particles (discrete phase) flow is considered to be steady state, three-dimensional, with the gas turbulence modeled using the Reynolds stress turbulence (RST) model. The model considers heat, mass and momentum transfer between the two phases coupled using Eulerian-Lagrangian approach. The droplet drying kinetics is modeled using a semi-empirical droplet drying model [10] . The work of Ali et al. [9] in modeling of the particle-wall interaction is extended by considering the restitution coefficient for particle-wall interaction a function of surface roughness in addition to the particle moisture content by developing a rough-wall collision model based on a stochastic approach. The commercial CFD software package Fluent v. 12 [18] is used for this purpose. The predicted dried powder moisture content, dried powder and exhaust gas temperatures are compared with data collected from the pilot-plant spray drying tower. 2 height at first particle-wall impact (m), height at second particle-wall impact (m) u pr, 2 particle radial velocity component after first impact (m/s) u pz, 2 particle axial velocity component after first impact (m/s) r, z radial coordinate, axial coordinate
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Detergent slurry spray drying process
The detergent slurry prepared in a crutcher is a pumped to a hollow-cone pressure swirl nozzle atomizer using a series of low pressure and high pressure pumps. The pressure at the inlet of the atomizer is typically maintained at 60 to 70 barg. The drying gas is heated using a direct fired furnace typically in a temperature range of 250 to 300 o C. The temperature of the hot gas is measured at the outlet duct of the furnace. The hot gas is a mixture of drying gas and methane combustion products (CO 2 and H 2 O), it is fed to the spray tower using a number of tangential-entry inlets near the tower bottom. The swirling hot gas flow inside the tower comes in contact with droplets/particles in a counter-current manner. The exhaust gas leaves from the tower top while the dried particles fall onto a belt conveyor, where its temperature is measured using an infrared probe, which is then air lifted and stored in a bin for sample collection. Several tests are carried out to assess the quality of the dried detergent powder including size distribution measurement, bulk density and measurement of moisture content. The exhaust gas contains entrained fine particles which are separated from the exhaust gas using a cyclone separator, the gas is then released to the atmosphere. The fine particles are either fed to the spray drier or recycled back to the slurry preparation unit. Figure 1 is a flow diagram of the spray drying process. The counter-current spray drying tower studied is a pilot-plant tower with a height to diameter ratio greater than 3 and is depicted in Figure 2 (a). The actual dimensions of the tower are normalized with respect to the total tower height due to confidentiality reasons. The hot gas enters in the conical region of the tower via a number of inlets which are angled downwards and at an angle to the radius ( Fig. 2 (b) and (c)). The latter gives a tangential velocity component to the hot gas and consequently causes a swirl to the gas flow.
CFD modeling of spray drying process
The continuous phase comprises hot gas and is modeled using the time averaged form of the continuity and Navier-Stokes equations [22] . The flow of hot gas inside the spray drying tower is a swirling flow. The turbulence is modeled using the Reynolds stress turbulence model. The selection of this model is based on an earlier investigation by Bayly et al. [11] carried out for modeling swirling air flow in a laboratory scale counter-current spray drying tower and its validation with measured data. The modeling of gas flow near the wall is carried out using the standard wall functions modified for surface roughness [12] . The transport of species and enthalpy through the continuous phase is modelled using the Reynolds-averaged scalar transport equations [22] .
The heat loss due to conduction from the insulated tower wall with the inside of the wall containing a layer of deposits is carried out. The heat flux through the tower wall is given by the following equation:
where T dep is the deposit surface temperature. In the evaluation of the overall heat transfer coefficient (U), the thermal resistance due to the deposits layer, wall, insulation and the outside convective film is considered. The discrete phase is modelled using the Lagrangian approach. The trajectories of the droplets/particles are calculated by solving the equation of motion by considering the drag, the buoyancy and the gravitational forces. The drag coefficient used for computing drag force on the particles is calculated using the correlation proposed by Morsi and Alexander [13] , applicable to smooth spherical particles. For the droplet drying kinetics, a three-stage semiempirical droplet drying model [10] developed in house by P&G is used to model heat and mass transfer between the two phases. The description of the droplet drying model along with the drying model equations are given elsewhere [14] . The droplet drying model is incorporated in Fluent using user-defined functions.
Modeling of particle-wall interaction
The equation given by Ali et al. [9] for the restitution coefficient considers the variation as a linear function of moisture content with a limiting value of 0 for the initial droplets and a maximum value of 0.4 for the dried detergent particles. It is used for computing the tangential restitution coefficient (C r,t ). C r,t computes the post wall collision particle velocity parallel to the wall, which directly influences the residence time of particles. The normal restitution coefficient (C r,n ) is responsible for calculating the particle velocity normal to the wall, thus it influences the dispersion of the particles over the tower cross-section. This is specified as a function of particle-wall impact angle. The correlation for C r,n is based on the work by Hassal [15] in which the variation in the restitution coefficient was studied by impacting the dried detergent particles on a smooth surface at various impact angles. The tangential and normal restitution coefficients are given by equations (2) and (3) 
The particles post-wall collision velocities tangent and normal to the wall are then calculated using equations (4) and (5) A stochastic model for the collision between the particle and the wall has been developed that generates the virtual rough wall surface roughness inclination angle at the particle-wall impact location. The angle between the virtual rough wall surface and the impacting particle (θ wp ) is then used in equation (3) to calculate the normal restitution coefficient. The inclination angle of the virtual rough wall surface is determined by a Gaussian/normal distribution of surface roughness inclination angles with a mean value of zero and a standard deviation of 3.0. The range of wall surface roughness angles are considered from -90 o to 90 o . Additionally the probability of multiple particle rebound is evaluated and its effect on the particle trajectory is also calculated. The impacting particles are assumed to be smooth spherical and the possibility of deposition of particles on the wall is ignored. Figure 3 depicts different particle-rough wall collision scenarios. The angle of inclination of the virtual rough wall surface is sampled from a random variable with a Gaussian distribution as mentioned above. Same approach was used by Sommerfeld and Huber [16] in generating a rough surface inclination angle. It is given by the following equation:
In the above equation, is a random number obtained from a Gaussian/normal distribution, and is the standard deviation of roughness angles, which is taken to be 90 o . Thus the generated surface inclination angle for the virtual rough wall ranges from -90 to 90 o , according to Gaussian/normal distribution. If the sampled surface inclination angle is negative, then the particle will hit the luff side of the roughness, otherwise it will hit the lee side. But due to the shadow effect on the lee side, the impacting particle can only hit this side when the sampled surface roughness inclination angle (θ w+ ) is less than the particle inclination angle θ pi . If θ w+ > θ pi , a new surface inclination angle is sampled, the expressions are given by equation (7) 
If the particle is hitting the lee side of the surface roughness, then the surface roughness angle of the luff side is determined and vice versa in order to evaluate the possibility of multiple particle rebound. The length between the peaks of two successive roughness inclinations (l s ) is then calculated using the following equation:
In the following scenarios, only a single collision will take place between the particle and the wall: If the particle hits the luff side and the particle-wall impact angle (θ wp ) is less than 90 o . If the particle hits the lee side and the particle rebound angle (θ pr1 ) is greater than or equal to the roughness inclination angle of the luff side (|θ w-|). If the diameter of the particle is greater than l s . The particle post wall collision velocity components are determined by the tangential and normal restitution coefficients, equation (2) and (3), respectively. To evaluate whether multiple particle rebound occurs, the post collision angle (θ pr1 ) is required, which is calculated using the following equation: 
The height of the particle-wall impact location is determined by stochastic approach, using the following equation:
where ' is a uniformly distributed random number in a range of 0 to 1. The height traversed by the rebound particle at a distance l p from the first impact location is calculated using the following equation:
If the sum of h 1 and h 2 is less than the roughness height (k s ), then the particle will rebound with the wall again. The post rebound velocity of the particle is then again calculated using the tangential and normal restitution coefficients given by equation (2) and (3) respectively. The particle-rough wall collision has been applied to the modeling of a pilot-plant counter-current spray drying process to predict post particle-wall collision trajectories. The model is incorporated in Fluent using user-defined functions. The value of roughness height (k s ) is specified to be 2 mm.
Model application
Two CFD Cases are presented in this paper. In the first case (referred to as Case 1), both the tangential and normal components of restitution coefficients are considered as a linear function of moisture content, given by equation (2) . In the second case (Case 2), the proposed rough-wall collision model is applied to calculate the normal restitution coefficient (given by equation 3) while the tangential restitution coefficient is calculated using equation (2) . Due to the absence of atomized slurry droplet size distribution at the nozzle, the measured dried powder size distribution is specified. It ranges from 100 μm to 2300 μm and is fitted using Rosin-Rammler distribution using a size constant of 750 μm and a distribution parameter of 1.35 The operating conditions obtained from a pilot-plant drying tower are used for both CFD simulation cases and are listed in Table 1 . The tower geometry and meshing was carried out using meshing software [17] . The selected mesh comprised 1.3×10
6 tetrahedral computational cells. The selected mesh size was based on a comparison of single phase isothermal velocity profiles using three different mesh sizes and the selected mesh was the optimum in terms of computational time and precision. The conservation equations for the continuous and discrete phases are solved using the commercial CFD software Fluent v. 12 [18] , which is based on the finite volume method.
For the inlet boundary conditions, velocity magnitude is specified at the inlet faces of the hot gas and the cold entrained air. For the outlet boundary condition, pressure outlet with a value of -300 Pa is specified. For the turbulence boundary conditions, a turbulent intensity of 5% at the inlet face along with the hydraulic diameter of the inlet is specified. The Reynolds stresses at the boundary faces are calculated from the assumption of isotropy of turbulence. To take into account for wall roughness due to deposits, a roughness height of 2 mm and a roughness constant of 1.0 are specified in the log-law of the wall modified for surface roughness [12] . The gas phase density is considered a function of composition and is calculated using the ideal gas law while the viscosity is allowed to vary with temperature. For the turbulent diffusion flux in the energy equation, a value of 0.85 is used.
For solving the gas and the discrete phase, steady state approximation is used. For pressure-velocity coupling PISO scheme [19] is used and for pressure interpolation, PRESTO! scheme [20] is used. The convective terms are discretized using the second order upwind discretization scheme. The convergence criteria for the continuity, momentum, species and Reynolds stresses were specified as 1×10 -4 , for the energy equation, it was 1×10 -6 . The polydispersed droplets/particles are represented using 23 discrete sizes and a total of 3700 parcels. The effect of gas turbulence on the droplet/particle dispersion is taken into account using the discrete random walk model [18] . Particle-particle interactions and hence coalescence and agglomeration is ignored due to large computational requirements.
The multiphase flow simulation was initialized from a converged gas flow fields by injecting the droplets in a hollow cone spray pattern with a spray cone half angle of 20 o . The residuals of continuity, momentum and turbulence quantities could not converge to the required tolerance limits; therefore the exhaust gas temperature (which is an indicator of the overall heat and mass transfer between the discrete phase and the gas phase) was monitored. The simulation runs were stopped once a steady exhaust gas temperature was obtained. Figure 4 (a) and (b) is a plot of selected number of predicted trajectories of the droplets/particles in the cylindrical region of the tower, colored by diameter. Smaller particle sizes (up to 200 μm) get entrained by the gas while the larger sizes exit from the tower bottom. Smaller sizes at the tower bottom (up to 300 μm) in both cases start to swirl as they flow downward due to the swirling gas flow. From a comparison of predicted particle trajectories in both cases it is observed that the particles hitting the wall in Case 1 (Figure (4a) ), start to flow downwards and remain close to the wall due to the use of C r as a function of moisture content only. But in Case 2 ( Figure (4b) ), the particles get rebound from the wall at different angles since the normal component of restitution coefficient (C r,n ) is calculated using the rough-wall collision model. Hence in Case 2, the particles get dispersed over the cross-section after collision with the wall. Figure (4c ) and (4d) depict contours of velocity magnitude for case 1 and 2 respectively. The gas flow in the bottom cylindrical region (z/Z = 0.15 to 0.5) is symmetrical while above the spray nozzle it is asymmetrical in both cases. At z/Z = 0.15 to 0.5, the gas velocity magnitude is high in the annular region and lower in the central region of the tower, due to the swirling gas flow. A high velocity jet is observed at the spray location with entrained gas flow in Figure (4e) for Case 1 and Figure (4f) for Case 2. The gas flow is in the upward direction close to the wall while it is flowing downwards inside the spray due to momentum exerted by the sprayed droplets onto the gas. The flow is relatively more evenly distributed around the spray in Case 1 (Figure 4e ), whereas in Figure (4f) it is asymmetrical. Uneven distribution of the gas flow around the spray is undesirable as it can lead to impingement of the droplets onto the wall causing excessive wall deposition. Figure 4 : Particle trajectories and gas velocity contours for Case 1 and 2. Figure 5 (a) and (b) are plots of the discrete phase concentrations along the dimensionless tower radius. The discrete phase concentration represents the mass flow of the discrete phase passing through a computational domain per unit cell volume and time. A higher concentration is observed near the wall and a lower concentration towards the centerline. At z/Z = 0.56 (below the nozzle), a significant difference in the discrete phase concentration between the two cases is observed. In Case 2, the concentration is relatively higher near the wall as well as along the radius hence the particles are more dispersed when they rebound with a rough wall, in contrast to Case 1, in which the particles are concentrated towards the wall only. At z/Z=0.29, both Cases give similar concentrations of the discrete phase because as the particles flow further downwards, the centrifugal force due to swirling flow causes the particles to move close to the wall. The particles exit residence times are depicted in Figure 5 (c). Smaller particles in both cases have a significantly larger residence time as they have less momentum and therefore exhibit greater influence of the drag force acting opposite to the particle flow. The residence times of particles in both cases are very similar, primarily because both cases consider C r,t a linear function of moisture, which is used for calculating post-collision velocity parallel to the wall. The swirl number characterizes the strength of a swirling flow and is defined as the ratio between the angular and axial momentum flux [21] . The swirl number is higher in the bottom cylindrical region and decreases as the gas flows upwards as the gas loses its angular momentum due to exchange with particles, the swirl decay is also due to the wall surface roughness. From a comparison of swirl number in both cases, it is observed that below the spray nozzle (z/Z = 0.67) the swirl number is lower in Case 2 compared to Case 1, however above z/Z=0.6, a greater decay in swirl is observed in Case 1 and the swirl is zero above z/Z=0.8, while in Case 2, the swirl decay is slightly slower along the height above z/Z=0.67.
Results and discussion
A comparison of CFD simulation cases with the measured data is given in Table 2 . It is observed that Case 2 gives a closer agreement with measured moisture content and outlet gas temperature compared to Case 1 which predicts a greater moisture content and a higher outlet gas temperature. This is because in Case 2 the particles after rebound with the wall are more dispersed over the tower cross-section and the gas temperature is relatively higher in the central region of the tower compared to the near-wall region and hence greater heat and mass transfer takes place in Case 2. The particles average outlet temperature is significantly greater in both cases since the measurement of powder temperature is made at the belt conveyor a few meters away from the bottom exit location, the particles are expected to cool down as they come in contact with surrounding air at the belt, which is not taken into account in the CFD simulations. The heat loss in both CFD Cases is similar, but significantly lower than that based on the measured temperatures, mainly because the temperature measurement is taken at the hot gas supply duct and includes the heat loss that takes place from the duct to the tower gas inlets. 
Conclusions
Multiphase CFD modeling of a pilot-plant counter-current spray drying tower was carried out considering heat, mass and momentum transfer between the droplets/particles and the drying gas. A particle rough-wall collision model was developed and applied on spray drying process to study the importance of particles dispersion due to collision with a rough wall and on the particle trajectories and the overall heat and mass transfer. It was found that the particle-wall interaction was one of the critical factors that significantly influenced the predicted average dried powder characteristics. A comparison was made with the measured dried powder average characteristics and exhaust gas temperature and the case incorporating the rough-wall collision model gave a closer prediction with the measurements.
